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Tunable metasurfaces have demonstrated the potential for dramatically enhanced functionality
for applications including sensing, ranging and imaging. Liquid crystals (LCs) have fast switching
speeds, low cost, and mature technological development, offering a versatile platform for electrical
tunability. However, to date, electrically tunable metasurfaces are typically designed at a single
operational state using physical intuition, without controlling alternate states and thus leading to
limited switching efficiencies (< 30%) and small angular steering (< 25◦). Here, we use large-scale
computational “inverse design” to discover high-performance designs through adjoint-based local-
optimization design iterations within a global-optimization search. We study and explain the physics
of these devices, which heavily rely on sophisticated resonator design to fully utilize the very small
permittivity change incurred by switching the liquid-crystal voltage. The optimal devices show
tunable steering angles ranging from 12◦ to 144◦ and switching efficiencies above 80%, exhibiting
6X angular improvements and 6X efficiency improvements compared to the current state-of-the-art.
I. INTRODUCTION
Liquid-crystal (LC) devices promise the possibility for
rapid electrical steering of optical beams, yet the com-
plexity of designing for multiple refractive-index states
in a single geometry has severely restricted the result-
ing diffraction efficiencies (< 50%), switching efficiencies
(defined below, < 25%), and steering angles (≤ 24◦),
even in state-of-the-art designs [1]. In this work, we use
large-scale computational optimization, “inverse design,”
to discover fabrication-ready designs with switching effi-
ciencies and diffraction efficiencies above 80% and steer-
ing angles up to 144◦. We combine adjoint-based gra-
dients [2–9] for rapid local optimization within a larger
global search to discover the high-efficiency and high-
steering-angle designs. We compute the complex reso-
nance patterns of the optimal devices, which reveal sev-
eral competing design requirements that explain the need
for computational optimization of many degrees of free-
dom. Unlike metasurfaces designed for lens-like focus-
ing [10–17] and related applications [18–21], we find that
the optimal devices should have their field intensities con-
centrated not in the high-index grating material but in-
stead in the low-index liquid-crystal embedding medium,
to enable high switching efficiencies even for the rela-
tively small refractive-index changes of LCs. Our largest-
steering-angle devices exhibit 90% diffraction efficiency
at −72◦ in the off state, and 70% diffraction efficiency at
+72◦ in the on state, simultaneously exhibiting 6X angu-
lar and almost 6X switching-efficiency enhancements over
the current state-of-the-art, paving a pathway to efficient
liquid-crystal beam-control devices for applications rang-
ing from LIDAR [22, 23] to spatial light modulator [24].
Thin optical films with complex lithographic patterns
can control phases, amplitudes, diffraction-order excita-
tions, and more general wave dynamics with high effi-
ciency over large-area devices, comprising the basis for
the emerging field of metasurfaces [10, 25]. Metasurfaces
have shown significant promise for static (non-tunable)
applications such as holography [18–20], lensing [10–17],
and beam converters [26, 27], in large part due to the
use of a relatively simple design principle: for a given
frequency of interest, one can specify the desired out-
going phases and amplitudes (and possibly dispersion
characteristics [25]) across the device surface, and select
from a library of waveguide-like meta-elements to locally
approximate those phases and amplitudes. This design
principle is not exact—the local-periodicity assumption
is a source of error, especially in high-NA lens applica-
tions [28, 29]—and there is significant effort to leverage
computation to improve it [29–31], but it has been suf-
ficient for proof-of-principle high-performance devices.
For dynamic applications, however, in which the prop-
erties of the metasurface are designed to offer varying
functionality in multiple operational states, from electri-
cal [32–35], mechanical [36], or thermal [37] switching
mechanisms, the simple design principle appears to be
quite inefficient. One might imagine that multi-state op-
eration would require only small extra considerations in
the “library” of designs, accounting for the additional
states. However, as we show below, the requirement
for high-efficiency resonant behavior in multiple states
rapidly leads to highly complex resonant patterns, with
individual elements far more complex than those of typ-
ical metasurface applications, due to the requirement for
the multi-state behavior to be supported by a single geo-
metrical structure. In lieu of a multi-state design princi-
ple, previous approaches [33, 38–40] have simplified the
design process by focusing only on high efficiency for a
single state, but this naturally leads to lower efficiencies
in the switching process over the dynamic range of the
devices. (An alternative approach is to use a frequency
comb in tandem with a designed metasurface, which can
create time-dependent beam profiles albeit without full
temporal “steering” control [41].)
In this work, we show that large-scale computational
design, an approach that efficiently optimizes over ar-
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FIG. 1. Tunable metasurface via inverse design. (a) In the voltage-on state, the LC director is aligned along the vertical
direction, perpendicular to TE-mode electric fields. A designed grating ideally steers incident light to the target angle. (b)
When the voltage is off, the LC director is now parallel to TE-mode electric fields, thus maximizing the effective refractive-index
change of the LC as seen by the fields. (c) Switching efficiency of our designed devices and existing devices over a wide range
of steering angles. The efficiencies denoted within the figure (e.g. 83%/75%) represent the highest diffraction efficiencies of
each type of device in the on/off states. Switching efficiency, defined in Eq. (1), measures the distinguishability of the two
operational states. The optimal devices show tunable steering angles ranging from 12◦ to 144◦, offering 6X angular increase
with the 144◦ steering metasurface and 6X switching-efficiency improvement with the 96◦ steering metasurface compared to
the current state-of-the-art [1].
bitrarily many degrees of freedom, offers a pathway to
high-efficiency dynamic (tunable) metasurfaces. We fo-
cus on beam-switching with liquid-crystal devices, which
already have significant commercial development and
which show promise for applications such as LIDAR. We
discuss the complexity of the design space, and describe a
combined application of adjoint-based local-optimization
techniques within a larger global-optimization platform,
and use this approach to discover two-state switching de-
vices with high switching efficiencies and high steering
angles.
II. COMPUTATIONAL MULTI-STATE DESIGN
Figure 1(a,b) is a schematic depiction of a liquid-
crystal (LC) beam-switching device. As is typical in
LC devices [40, 42], the liquid-crystal layer is embedded
between two alignment and contact layers. Within the
liquid-crystal region, and above and below the contact
layers, complex patterns can be lithographically fabri-
cated, and previous work has designed grating layers for
moderate-efficiency electrical [1, 40, 43] and thermal [37]
switching of LC devices. The key metric to design for
is the switching efficiency, i.e. how effectively the device
can switch between different optical-beam patterns. For
periodic grating and meta-grating structures, diffraction
efficiency is an important determinant of the switching
efficiency, but not the only one: a device that separates
an optical field into a 50% mix of two outgoing diffrac-
tion orders, for both voltages of a two-state device, ef-
fectively has zero switching efficiency due to the inability
to distinguish the two states. Moreover, in many cases
back-reflected light represents only a minor loss mech-
anism, without affecting the relative power distribution
between the forward-going beams nor the ability to dis-
tinguish them, and can be normalized out. Thus, for
a two-state optical-switching device operating over fre-
quencies ω with geometrical degrees of freedom g, we
define switching efficiency by the expression
S =
1
T
12 ∑
s=on,off
P star(ω, g)− ∑
j 6=tar
P sj (ω, g)
 , (1)
which is the power in the target (desired) diffraction
orders, P star(ω, g), averaged over state s, minus the to-
tal state-averaged power in all other diffraction orders,
P sj 6=tar(ω, g), normalized by the forward transmission ef-
ficiency T . This definition of switching efficiency, which
can be easily generalized to more states, linear combi-
nations of diffraction orders, etc., enables comparison
among different device designs. Figure 1(c) shows the
switching efficiencies of recent state-of-the-art LC beam-
switching devices, which show moderate diffraction effi-
ciencies (24–54%, labeled), but somewhat lower switch-
ing efficiencies (ranging from 13% to 29%)) due to the
contamination of unwanted diffraction orders that in-
hibits the ability to distinguish the on/off states. In-
cluded in Fig. 1(c) are the switching efficiencies of the
optimal devices that we discover, discussed further be-
low, segregated into three architectures: a class of de-
vices with a single silicon grating in the liquid-crystal
region (solid purple line), and two classes of devices with
two additional gratings on top and bottom, one for -1 to
+1 order steering (solid red line), and one for -2 to +2
3order steering (solid blue line). There are many geomet-
rical degrees of freedom in each architecture: the individ-
ual“pixels” (78 nm wide) of each grating, the thicknesses
of the alignment, contact, and liquid-crystal layers, and
the period of the structure. The pixel size is chosen as
λ/20 to provide sufficient control while avoiding features
that are too fine for fabrication. We take the switch-
ing to occur between two states with the same polariza-
tion, in which case the gratings can be chosen to have
translation invariance perpendicular to a plane contain-
ing both angles, and the system can be modeled in this
two-dimensional plane. There are many grating degrees
of freedom (≈ 400), and to optimize these it is critical
to be able to rapidly compute gradients of the switching-
efficiency objective. To do so, we use the adjoint method
(also known as “topology optimization” [2, 44] and “in-
verse design” [3, 4, 6, 7, 45–49] in nanophotonics, and
“backpropagation” in the deep-learning community [50–
52]), which is efficient and effective at optimizing many
small-scale degrees of freedom [8]. Adjoint-based meth-
ods exploit reciprocity (or generalized reciprocity [5]) to
convert the process of computing thousands or millions of
individual gradient calculations into a single extra simu-
lation, in which “adjoint sources” are specified according
to the desired objective, back-propagated through the op-
tical system, and then combined with the “direct” fields
excited by the original incident wave to compute all gra-
dients at once. For an objective such as switching ef-
ficiency, Eq. (1), that depends on the outgoing electric
fields E, the general prescription [5] for each “forward”
simulation (in this case, the voltage-on and voltage-off
simulations) is to run an “adjoint” simulation with cur-
rent sources proportional to the derivative of the objec-
tive with respect to the electric field (SM):
Jadj(x) = −iω ∂F
∂E
= − iω
2
[ctar cos θtarE
∗
tar(x)−
∑
n 6=tar
cn cos θnE
∗
n(x)].
(2)
In our adjoint equation indicated by Eq. (2), we exclude
the 1/T of Eq. (1) to drive the optimization to exhibit
high transmission in addition to high switching efficiency.
The pixels in the gratings are represented during the de-
sign process as grayscale pixels, with refractive indices
varying between their minimum and maximum values,
and as the local optimization proceeds we penalize inter-
mediate refractive-index values until a binary design is
reached. This process is very efficient for the many grat-
ing degrees of freedom. However, it is less efficient for
variables representing larger geometrical parameters: the
thicknesses of the various regions, and the periodicity of
the structure. Wave-interference effects create a tremen-
dous number of poor-quality, local optima for these pa-
rameters, since varying them even by half a wavelength
or less can take one from a field minimum to a maximum.
The many-local-optima problems for these “global”
(beyond wavelength-scale) parameters could be signifi-
cantly compensated by separating them into pixelated lo-
cal degrees of freedom (DOFs) that vary independently.
However, they are fixed by fabrication constraints and
must not be separated. Thus, to optimize these param-
eters, we embedded the grating-DOF local-optimization
procedure into a global search to discover optimal thick-
ness and periodicity values. Particle swarm optimiza-
tion [53] is used for a global optimization algorithm, ini-
tially instantiating many “particles” with random struc-
tural parameters (i.e., top TiO2 grating, ITO, align-
ment, LC, silicon grating and bottom TiO2 grating thick-
nesses). Within Each “particle” we perform inverse de-
sign, computed in a single computational core, optimiz-
ing the fine-scale features of the device. Then, new pa-
rameters of the next iteration are determined by the op-
timal figure of merit values. The global optimization
is run for 150 iterations, which is sufficient to converge
to a set of very similar “particles,” with similar large-
scale-feature values. Each iteration of global optimiza-
tion takes approximately 10 minutes on 25 cores in our
computational cluster (Intel Xeon E5-2660 v4 3.2 GHz
processors) while each inverse design iteration takes less
than 5 seconds in a single core computer.
III. OPTIMAL DESIGNS
We apply the multi-state computational design pro-
cess described above to discover the single- and multi-
grating designs depicted in Figs. 2–4. We start by de-
signing LC metasurfaces with a single embedded silicon
grating, intentionally selecting a platform very similar to
that of recent works [1, 37] to show the efficiency gains
that are possible through computational design. Then we
expand to structures with multiple grating layers, where
we show the extensive capability for LC metasurfaces to
simultaneously achieve high efficiency and high steering
angles. In all of the designs demonstrated below, we use
1550 nm as our design wavelength. For the LC material,
we use E7 [54], which has a refractive-index variation ∆n
of about 0.192 between the voltage-on and voltage-off
states. TiO2 [55] is used for top and bottom supportive
gratings while we use silicon for the grating inside the
LC layer. ITO [56] and alignment layers [37, 42, 57] are
included, as typically required. Unlike metasurfaces for
lensing and related applications, high-index materials do
not appear to be required for high diffraction efficiency
nor switching efficiency; we use Si and TiO2 simply be-
cause of their common usage [1, 37, 40] and scale-up fea-
sibility. The top ITO works as an electrical contact and
the alignment layer coordinates the axis of the LC direc-
tor into the out-of-plane direction. Of course, a different
wavelength, set of materials, or parameter regime can
seamlessly be incorporated into our design process.
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FIG. 2. Optimization of a single-grating tunable metasurface via inverse design at 1550 nm wavelength. (a) Optimized structure
showing silicon grating inside the LC-layer (E7). The period of the structure is 4.81λ-long (7.45 µm). The LC region and
silicon grating have thicknesses of 698 nm and 388 nm, respectively. The ITO and alightment layers have 77 nm thickness. (b)
Diffraction efficiency of the optimized device at 1550 nm wavelength. The unwanted order diffractions are suppressed well via
the FOM defined in this work, maintaining high efficiencies in the target orders. (c,d) Real parts of the electric field for the
(c) voltage-on and (d) voltage-off states. They show clear outgoing fields propagating towards ±12◦.
A. Single-grating designs
In this section, we design tunable metasurfaces with
a single grating layer. Single-grating metasurfaces can
be designed by physical intuition using effective medium
theory [58], whereby the filling ratio of two materials is
adjusted to realize specific transmission phases, or by a
unit-cell library approach [10], whereby a large design
space is decomposed into “unit cells” with a small num-
ber of parameters whose entire design space can be stored
in a library to design for a small number of criteria. Nei-
ther approach is well-suited to designing many parame-
ters for multi-state operation.
Figure 2 shows an optimal single-grating design for
switching between −12◦ and +12◦, angles chosen to
match the current state-of-the-art [1]. The optimized
single-grating metasurface achieves diffraction efficiencies
of 71% in the voltage-on state and 52% in the voltage-
off state, with clean outgoing field patterns visible in
Figs. 2(c,d). A key determinant of the angular pu-
rity is the diffraction efficiency normalized by the total
transmission, since reflection does not contribute noise
in the outgoing-wave patterns, and the transmission-
normalized (TN) efficiencies of this structures are 86%
and 63%, respectively. During the optimization, we fix
the top and bottom sides have to have thin ITO and
alignment layers, while we include the thicknesses of the
LC layer and the silicon grating as global design param-
eters. The beam steering efficiency (48%) shown here is
already significantly larger than any other theoretical de-
signs. However, for key applications, one can expect the
need for larger steering angles and even high switching
efficiencies. Thus, in the next section we explore more
complex device architectures.
B. Multi-grating designs
In this section, we design tunable metasurfaces with
three gratings—one in the silicon, and two in the TiO2
surroundings—to discover an ultra-high-efficiency beam-
switching device. Generally, multi-layer metasurface
structures offer increased functionality through increased
path-length enhancements and multiple-reflection inter-
actions, and multilayer metasurfaces have been proposed
for light concentration [29] and flat lens [9] applica-
tions. Here, the two TiO2 gratings must enable spe-
cific functionality: the bottom grating must be trans-
missive for the plane wave incident from below, while be-
ing highly reflective for all off-angle plane waves reflected
from above, and the top grating should either redirect all
light to the single desired outgoing diffraction order, or
at least restrict transmission through any undesired or-
ders. Though the use of multiple gratings requires precise
alignment, the gratings play complementary roles and po-
tentially enable near-unity switching efficiencies even at
very high switching angles.
We start by reconsidering the problem of high-
efficiency switching from −12◦ to +12◦. The optimal de-
sign, depicted in Fig. 3(a), achieves diffraction efficiencies
of 78% (82% TN) in the voltage-on state and 78% (90%
TN) in the voltage-off state, for a switching efficiency of
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FIG. 3. Optimized triple-grating tunable metasurface for narrow-angle (±12◦) steering with high efficiency. (a) Optimized
structure showing triple gratings (TiO2/Si/TiO2). The period of the structure is 4.81λ (7.45 µm), and the thicknesses of the
LC, silicon grating, top TiO2 and bottom TiO2 are 543 nm, 155 nm, 155 nm, and 233 nm, respectively. The ITO is 77 nm thick
and the alignment layer is 155 nm thick. (b,c) Diffraction efficiencies over infrared wavelengths for the (b) voltage-on and (c)
voltage-off states. “TN” denotes transmission normalized efficiency. The optimized grating shows -1 order efficiency of 78% in
the voltage-on state and +1 order efficiency of 78% in the voltage-off state. The transmission-normalized efficiencies are 82%
and 90%, respectively. (d,e) Real parts of the electric fields for the (d) voltage-on and (e) voltage-off states.
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FIG. 4. Optimized triple-grating tunable metasurface for ultra-wide-angle (±72◦) steering. (a) Optimized structure showing
triple gratings (TiO2/Si/TiO2). The period of the structure is 1.05λ (1.63 µm), and the thicknesses of the LC, silicon grating,
top TiO2 and bottom TiO2 are 930 nm, 620 nm, 233 nm, and 155 nm, respectively. The ITO and the alignment layer both have
77 nm thicknesses. (b,f) Diffraction efficiencies over the infrared spectrum for the (b) voltage-on and (f) voltage-off states. TN
means transmission normalized efficiency. The optimized grating shows -1 order diffraction efficiency of 62% in the voltage-
on state and +1 order efficiency of 76% in the voltage-off state. The transmission-normalized efficiencies are 70% and 90%,
respectively. (c,g) Real parts of the electric fields for the (c) voltage-on and (g) voltage-off states. (d,h) E-field intensity profile
at 1550 nm wavelength for a supercell with an array of 50 unit cells excited by a Gaussian beam of 5-λ-width centered at
1550 nm wavelength. The white dashed lines indicate the areas of the supercells.
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FIG. 5. Resonance analysis of the beam-steering metasurfaces (a) Quality factor and diffraction efficiency versus steering angle
for the triple-grating metasurfaces (-2 to +2). There is a strong correlation between the quality factors of the devices (circles)
and their diffraction efficiencies (stars). The inset figure shows the resonance wavelengths of the major resonance patterns
found in the optimum devices. (b) Real parts of the electric fields at their resonant frequencies (1571 nm for the voltage-on
state and 1550 nm for the voltage-off state) for 96◦ steering angle [black dashed lines in (a)]. Quality factors found in this
structure are 30.4 (on) and 25.8 (off) and the resonances strongly couple to the incident and target channels.
76%, with very little power in any other outgoing diffrac-
tion orders. The clean outgoing waves are depicted in
Fig. 3(c,d). The optimized device has ITO/alignment
layer thicknesses of 77, 155 nm, top and bottom grating
thicknesses of 155 and 233 nm, a silicon grating thickness
of 155 nm, and a liquid-crystal layer thickness of 543 nm.
Among the many designs that were discovered across
the single-, double-, and triple-grating architectures, for
beam-steering angles from 24◦ to 144◦, we highlight here
the highest steering-angle designs, which employ a triple-
grating structure to achieve steering from −72◦ to +72◦.
By avoiding a design with collections of locally varying
“unit cells,” we circumvent the limitations [28] arising
from breaking the local-periodicity assumption. Figure 4
shows an optimal structure with thickness 1.684µm and
period 1.63µm (which is 1.05λ). The diffraction efficien-
cies in the target orders are 62% and 76% for voltage-on
and -off states, respectively, while the transmission nor-
malized target efficiencies are 70% and 90%, respectively.
These diffraction efficiencies are individually nearly as
large as those of state-of-the-art high-angle diffraction
gratings that are designed only for a single operational
state [47]. The real part of the electric-field profile shown
in Fig. 4(c),(d) demonstrates the clear angle-directed
outgoing wave patterns, and in Fig. 4(d),(h) we sim-
ulate a Gaussian beam incident upon the structure to
more clearly visualize the high-fidelity switching that is
achieved.
To understand the physics of the high-efficiency de-
signs that we discover, we analyze the quality factors
(Q) and resonance patterns for our high-efficiency struc-
tures designed for -2 to +2 order switching. As shown in
Fig. 5(a), we find that the optimal designs are a new kind
of dual-resonance structure that support one moderate-
Q resonance in the on state (red circles), and a different
moderate-Q resonance in the off-state (blue circles). In
Fig. 5(b), we depict the resonant field pattern of our 96◦-
steering device, which has 87% switching efficiency and
transmission-normalized efficiencies of 86% (voltage-on)
and 95% (voltage-off). The field pattern is computed by
exciting point dipoles at the high-intensity locations of
the plane-wave forward simulation, discovering the mode
responsible for the high efficiency. The resonance pattern
of the voltage-on state shows strong coupling to c−2 chan-
nel in transmission direction and c0 channel in incidence
direction, agreeing well with what one would expect. In
the voltage-off state, the new resonant pattern couples to
the c+2 channel in transmission direction and c0 channel
in incidence direction. An intriguing trend in Fig. 5(a)
is that when we overlay the diffraction efficiencies (red
and blue stars) with the quality factors, we observe a
correlation between the two. This suggests that quality
factors of at least 30 or so may be necessary to achieve
the highest possible diffraction efficiencies in each opera-
tional state of a beam-switching or beam-steering device.
IV. EXTENSIONS
In this work, we have demonstrated high-efficiency,
wide-angle, electrically tunable metasurfaces that op-
erate at 1550 nm wavelength, achieving state-of-the-art
7steering angles and switching efficiencies. Our inverse-
design approach can be applied more broadly to any
multi-configuration-state optical functionality, for appli-
cations including next-generation LiDAR, spatial light
modulators, and free-space data communication. In the
liquid-crystal beam-steering design space, natural ex-
tensions include many-state operation (towards steering
rather than switching) and three-dimensional beam con-
trol. In addition to the “bottom-up” large-scale opti-
mization approach presented here, an interesting ques-
tion is the limits of such design: for a given set of liquid-
crystal and semiconductor refractive indices, is it possible
to exploit sum rules [59–63], passivity and convexity [64–
67], and/or duality [68] to map out the limits to maximal
performance as a function of the steering angle and the
number of operational states?
FUNDING INFORMATION
H. C. and O. D. M. were partially supported by the Air
Force Office of Scientific Research under award number
FA9550-17-1-0093.
[1] S.-Q. Li, X. Xu, R. M. Veetil, V. Valuckas, R. Paniagua-
Domı´nguez, and A. I. Kuznetsov, Phase-only transmis-
sive spatial light modulator based on tunable dielectric
metasurface, Science 364, 1087 (2019).
[2] M. P. Bendsoe and O. Sigmund, Topology optimization:
theory, methods, and applications (Springer Science &
Business Media, 2013).
[3] J. S. Jensen and O. Sigmund, Topology optimization
for nano-photonics, Laser & Photonics Reviews 5, 308
(2011).
[4] L. Yang, A. V. Lavrinenko, J. M. Hvam, and O. Sigmund,
Design of one-dimensional optical pulse-shaping filters
by time-domain topology optimization, Applied Physics
Letters 95, 261101 (2009).
[5] O. D. Miller, Photonic Design: From Fundamental So-
lar Cell Physics to Computational Inverse Design, Ph.D.
thesis, University of California, Berkeley (2012).
[6] C. M. Lalau-Keraly, S. Bhargava, O. D. Miller, and
E. Yablonovitch, Adjoint shape optimization applied to
electromagnetic design, Optics express 21, 21693 (2013).
[7] A. Y. Piggott, J. Lu, K. G. Lagoudakis, J. Petykiewicz,
T. M. Babinec, and J. Vucˇkovic´, Inverse design and
demonstration of a compact and broadband on-chip
wavelength demultiplexer, Nature Photonics 9, 374
(2015).
[8] S. Molesky, Z. Lin, A. Y. Piggott, W. Jin, J. Vuckovic´,
and A. W. Rodriguez, Inverse design in nanophotonics,
Nature Photonics 12, 659 (2018).
[9] Z. Lin, B. Groever, F. Capasso, A. W. Rodriguez, and
M. Loncˇar, Topology-optimized multilayered metaoptics,
Physical Review Applied 9, 044030 (2018).
[10] F. Aieta, M. A. Kats, P. Genevet, and F. Capasso, Multi-
wavelength achromatic metasurfaces by dispersive phase
compensation, Science 347, 1342 (2015).
[11] M. Khorasaninejad, F. Aieta, P. Kanhaiya, M. A.
Kats, P. Genevet, D. Rousso, and F. Capasso, Achro-
matic metasurface lens at telecommunication wave-
lengths, Nano letters 15, 5358 (2015).
[12] O. Avayu, E. Almeida, Y. Prior, and T. Ellenbo-
gen, Composite functional metasurfaces for multispec-
tral achromatic optics, Nature communications 8, 14992
(2017).
[13] S. Shrestha, A. C. Overvig, M. Lu, A. Stein, and N. Yu,
Broadband achromatic dielectric metalenses, Light: Sci-
ence & Applications 7, 85 (2018).
[14] B. H. Chen, P. C. Wu, V.-C. Su, Y.-C. Lai, C. H. Chu,
I. C. Lee, J.-W. Chen, Y. H. Chen, Y.-C. Lan, C.-
H. Kuan, and D. P. Tsai, GaN metalens for pixel-level
full-color routing at visible light, Nano letters 17, 6345
(2017).
[15] R. Paniagua-Dominguez, Y. F. Yu, E. Khaidarov,
S. Choi, V. Leong, R. M. Bakker, X. Liang, Y. H. Fu,
V. Valuckas, L. A. Krivitsky, and A. I. Kuznetsov, A met-
alens with a near-unity numerical aperture, Nano letters
18, 2124 (2018).
[16] W. T. Chen, A. Y. Zhu, V. Sanjeev, M. Khorasaninejad,
Z. Shi, E. Lee, and F. Capasso, A broadband achromatic
metalens for focusing and imaging in the visible, Nature
nanotechnology 13, 220 (2018).
[17] S. Wang, P. C. Wu, V.-C. Su, Y.-C. Lai, M.-K. Chen,
H. Y. Kuo, B. H. Chen, Y. H. Chen, T.-T. Huang, J.-H.
Wang, R.-M. Lin, C.-H. Kuan, T. Li, Z. Wang, S. Zhu,
and D. P. Tsai, A broadband achromatic metalens in the
visible, Nature nanotechnology 13, 227 (2018).
[18] G. Zheng, H. Mu¨hlenbernd, M. Kenney, G. Li, T. Zent-
graf, and S. Zhang, Metasurface holograms reaching 80%
efficiency, Nature nanotechnology 10, 308 (2015).
[19] X. Ni, A. V. Kildishev, and V. M. Shalaev, Metasur-
face holograms for visible light, Nature communications
4, 2807 (2013).
[20] W. Zhao, B. Liu, H. Jiang, J. Song, Y. Pei, and Y. Jiang,
Full-color hologram using spatial multiplexing of dielec-
tric metasurface, Optics letters 41, 147 (2016).
[21] A. Arbabi, E. Arbabi, Y. Horie, S. M. Kamali, and
A. Faraon, Planar metasurface retroreflector, Nature
Photonics 11, 415 (2017).
[22] C. V. Poulton, M. J. Byrd, P. Russo, E. Timurdogan,
M. Khandaker, D. Vermeulen, and M. R. Watts, Long-
range lidar and free-space data communication with high-
performance optical phased arrays, IEEE Journal of Se-
lected Topics in Quantum Electronics 25, 1 (2019).
[23] C. V. Poulton, A. Yaacobi, D. B. Cole, M. J. Byrd,
M. Raval, D. Vermeulen, and M. R. Watts, Coherent
solid-state lidar with silicon photonic optical phased ar-
rays, Optics letters 42, 4091 (2017).
[24] P. K. Shrestha, Y. T. Chun, and D. Chu, A high-
resolution optically addressed spatial light modulator
based on zno nanoparticles, Light: Science & Applica-
tions 4, e259 (2015).
[25] N. Yu and F. Capasso, Flat optics with designer meta-
surfaces, Nature materials 13, 139 (2014).
8[26] P. C. Wu, W. Zhu, Z. X. Shen, P. H. J. Chong, W. Ser,
D. P. Tsai, and A.-Q. Liu, Broadband wide-angle multi-
functional polarization converter via liquid-metal-based
metasurface, Advanced Optical Materials 5, 1600938
(2017).
[27] K. E. Chong, I. Staude, A. James, J. Dominguez, S. Liu,
S. Campione, G. S. Subramania, T. S. Luk, M. Decker,
D. N. Neshev, et al., Polarization-independent silicon
metadevices for efficient optical wavefront control, Nano
letters 15, 5369 (2015).
[28] H. Chung and O. D. Miller, High-NA achromatic metal-
enses by inverse design, arXiv preprint arXiv:1905.09213
https://arxiv.org/abs/1905.09213 (2019).
[29] Z. Lin, V. Liu, R. Pestourie, and S. G. Johnson, Topology
optimization of freeform large-area metasurfaces, arXiv
preprint arXiv:1902.03179 arXiv:1902.03179 (2019).
[30] D. Sell, J. Yang, S. Doshay, and J. A. Fan, Periodic dielec-
tric metasurfaces with high-efficiency, multiwavelength
functionalities, Advanced Optical Materials 5, 1700645
(2017).
[31] R. Pestourie, C. Pe´rez-Arancibia, Z. Lin, W. Shin, F. Ca-
passo, and S. G. Johnson, Inverse design of large-area
metasurfaces, Optics express 26, 33732 (2018).
[32] Y.-W. Huang, H. W. H. Lee, R. Sokhoyan, R. A. Pala,
K. Thyagarajan, S. Han, D. P. Tsai, and H. A. Atwa-
ter, Gate-tunable conducting oxide metasurfaces, Nano
letters 16, 5319 (2016).
[33] Y. Yao, R. Shankar, M. A. Kats, Y. Song, J. Kong,
M. Loncar, and F. Capasso, Electrically tunable metasur-
face perfect absorbers for ultrathin mid-infrared optical
modulators, Nano letters 14, 6526 (2014).
[34] J. Sautter, I. Staude, M. Decker, E. Rusak, D. N. Ne-
shev, I. Brener, and Y. S. Kivshar, Active tuning of all-
dielectric metasurfaces, ACS nano 9, 4308 (2015).
[35] A. L. Holsteen, A. F. Cihan, and M. L. Brongersma, Tem-
poral color mixing and dynamic beam shaping with sili-
con metasurfaces, Science 365, 257 (2019).
[36] H.-S. Ee and R. Agarwal, Tunable metasurface and flat
optical zoom lens on a stretchable substrate, Nano letters
16, 2818 (2016).
[37] A. Komar, R. Paniagua-Dominguez, A. Miroshnichenko,
Y. F. Yu, Y. S. Kivshar, A. I. Kuznetsov, and D. Ne-
shev, Dynamic beam switching by liquid crystal tunable
dielectric metasurfaces, ACS Photonics 5, 1742 (2018).
[38] S. Savo, D. Shrekenhamer, and W. J. Padilla, Liquid crys-
tal metamaterial absorber spatial light modulator for thz
applications, Advanced Optical Materials 2, 275 (2014).
[39] J. Lee, S. Jung, P.-Y. Chen, F. Lu, F. Demmerle,
G. Boehm, M.-C. Amann, A. Alu`, and M. A. Belkin, Ul-
trafast electrically tunable polaritonic metasurfaces, Ad-
vanced Optical Materials 2, 1057 (2014).
[40] A. Komar, Z. Fang, J. Bohn, J. Sautter, M. Decker,
A. Miroshnichenko, T. Pertsch, I. Brener, Y. S. Kivshar,
I. Staude, et al., Electrically tunable all-dielectric optical
metasurfaces based on liquid crystals, Applied Physics
Letters 110, 071109 (2017).
[41] A. M. Shaltout, K. G. Lagoudakis, J. van de Groep, S. J.
Kim, J. Vucˇkovic´, V. M. Shalaev, and M. L. Brongersma,
Spatiotemporal light control with frequency-gradient
metasurfaces, Science 365, 374 (2019).
[42] J. Bohn, T. Bucher, K. E. Chong, A. Komar, D.-Y. Choi,
D. N. Neshev, Y. S. Kivshar, T. Pertsch, and I. Staude,
Active tuning of spontaneous emission by mie-resonant
dielectric metasurfaces, Nano letters 18, 3461 (2018).
[43] O. Buchnev, N. Podoliak, M. Kaczmarek, N. I. Zheludev,
and V. A. Fedotov, Electrically controlled nanostructured
metasurface loaded with liquid crystal: toward multi-
functional photonic switch, Advanced Optical Materials
3, 674 (2015).
[44] M. P. Bendsøe, Topology optimization, in Encyclopedia
of Optimization (Springer, 2001) pp. 2636–2638.
[45] L. H. Frandsen, Y. Elesin, L. F. Frellsen, M. Mitrovic,
Y. Ding, O. Sigmund, and K. Yvind, Topology optimized
mode conversion in a photonic crystal waveguide fabri-
cated in silicon-on-insulator material, Optics express 22,
8525 (2014).
[46] L. Su, A. Y. Piggott, N. V. Sapra, J. Petykiewicz, and
J. Vuckovic, Inverse design and demonstration of a com-
pact on-chip narrowband three-channel wavelength de-
multiplexer, ACS Photonics 5, 301 (2017).
[47] D. Sell, J. Yang, S. Doshay, R. Yang, and J. A.
Fan, Large-angle, multifunctional metagratings based on
freeform multimode geometries, Nano letters 17, 3752
(2017).
[48] F. Callewaert, V. Velev, P. Kumar, A. Sahakian,
and K. Aydin, Inverse-designed broadband all-dielectric
electromagnetic metadevices, Scientific reports 8, 1358
(2018).
[49] V. Ganapati, O. D. Miller, and E. Yablonovitch, Light
trapping textures designed by electromagnetic optimiza-
tion for subwavelength thick solar cells, IEEE Journal of
Photovoltaics 4, 175 (2014).
[50] P. J. Werbos, The Roots of Backpropagation (John Wiley
& Sons, Inc., 1994).
[51] D. E. Rumelhart, G. E. Hinton, and R. J. Williams,
Learning representations by back-propagating errors, Na-
ture 323, 533 (1986).
[52] Y. LeCun, B. Boser, J. S. Denker, D. Henderson, R. E.
Howard, W. Hubbard, and L. D. Jackel, Backpropaga-
tion applied to handwritten zip code recognition, Neural
Comput. 1, 541 (1989).
[53] J. Robinson and Y. Rahmat-Samii, Particle swarm opti-
mization in electromagnetics, IEEE transactions on an-
tennas and propagation 52, 397 (2004).
[54] C.-S. Yang, C.-J. Lin, R.-P. Pan, C. T. Que, K. Ya-
mamoto, M. Tani, and C.-L. Pan, The complex refractive
indices of the liquid crystal mixture E7 in the terahertz
frequency range, JOSA B 27, 1866 (2010).
[55] E. D. Palik, Handbook of optical constants of solids, Vol. 3
(Academic press, 1998).
[56] S. Laux, N. Kaiser, A. Zo¨ller, R. Go¨tzelmann, H. Lauth,
and H. Bernitzki, Room-temperature deposition of in-
dium tin oxide thin films with plasma ion-assisted evap-
oration, Thin Solid Films 335, 1 (1998).
[57] Z. Ma, X. Meng, X. Liu, G. Si, and Y. Liu, Liquid crys-
tal enabled dynamic nanodevices, Nanomaterials 8, 871
(2018).
[58] T. C. Choy, Effective medium theory: principles and ap-
plications, Vol. 165 (Oxford University Press, 2015).
[59] R. G. Gordon, Three sum rules for total optical absorp-
tion cross sections, The Journal of Chemical Physics 38,
1724 (1963).
[60] E. M. Purcell, On the absorption and emission of light by
interstellar grains, The Astrophysical Journal 158, 433
(1969).
[61] C. Sohl, M. Gustafsson, and G. Kristensson, Physical lim-
itations on broadband scattering by heterogeneous obsta-
cles, Journal of Physics A: Mathematical and Theoretical
940, 11165 (2007).
[62] S. Sanders and A. Manjavacas, Analysis of the limits of
the local density of photonic states near nanostructures,
ACS Photonics 10.1021/acsphotonics.8b00225 (2018).
[63] H. Shim, L. Fan, S. G. Johnson, and O. D. Miller,
Fundamental limits to near-field optical response over
any bandwidth, Physical Review X 9, 011043 (2019),
1805.02140.
[64] D.-H. Kwon and D. Pozar, Optimal characteristics of an
arbitrary receive antenna, IEEE Transactions on Anten-
nas and Propagation 57, 3720 (2009).
[65] I. Liberal, I. Ederra, R. Gonzalo, and R. W. Ziolkowski,
Upper bounds on scattering processes and metamaterial-
inspired structures that reach them, IEEE Transactions
on Antennas and Propagation 62, 6344 (2014).
[66] O. D. Miller, A. G. Polimeridis, M. T. H. Reid, C. W.
Hsu, B. G. Delacy, J. D. Joannopoulos, M. Soljacˇic`, and
S. G. Johnson, Fundamental limits to optical response in
absorptive systems, Optics Express 24, 3329 (2016).
[67] H. Zhang, C. W. Hsu, and O. D. Miller, Scattering con-
centration bounds: brightness theorems for waves, Op-
tica 6, 1321 (2019), 1810.02727.
[68] G. Angeris, J. Vuckovic, and S. P. Boyd, Computational
bounds for photonic design, ACS Photonics 10.1021/ac-
sphotonics.9b00154 (2019).
